Proposed is a novel space-shape coding scheme with multiple antennas and multiple orthonormal waveforms for UWB-IR systems. Since the proposed coding scheme can be applied for every frame, the spatial diversity can be achieved even without the invariant channel condition over frames. Furthermore, the proposed scheme can provide an additional power gain to enhance BER performance while the FCC spectral regulation is satisfied.
Introduction: Recently, multi-antenna-based coding schemes, such as an analogue space-time coding (STC) scheme and an adaptive transmit diversity scheme, have been developed to enhance the transmission reliability of UWB-IR communication systems [1, 2] . However, all the approaches are restricted in using a single type of waveform while further enhancement of transmission reliability can be achieved by employing multiple orthogonal waveforms (e.g. [3, 4] ) in designing the coding scheme. In this Letter, we propose a novel space-shape (SS) coding scheme with multiple antennas and multiple orthonormal waveforms for UWB-IR systems. By applying the multiple orthogonal waveforms to the coding scheme based on spatial diversity, we can obtain an additional dimension for designing the coding scheme and relax the commonly assumed time constraint, where the channel coefficients are invariant over two frames or more. Furthermore, an additional power gain enhancing BER performance can be achieved by the proposed scheme when the pulses with non-overlapped power spectral densities (PSDs) are used.
System model: In UWB systems adopting binary PPM and timehopping (TH) code, the kth transmitter's pulse train, which carries ith bit, from a single transmit antenna can be represented as [5] 
where P is the transmit power, and p tx a (t) represents the waveform of a single pulse at the transmitter. The waveform is normalised to have unit energy. {c
} is an integer TH sequence of kth user. T c is the time period of a TH chip, and T f is a frame period. E is the time offset of binary PPM, and d i (k) 2 {0, 1} is the ith bit data to be transmitted from the kth transmitter. N s is the number of pulses to transmit a bit. We assume that a single user is active in the system for simplicity, then we can rewrite (1) as p tx-bit (t; i). Fig. 1 shows the configuration of the proposed system. For the proposed SS coding scheme, a simple system with two transmit and one receive antennas is considered, and two orthonormal pulses, which were developed with non-overlapped PSDs in [4] , are employed. In addition, non-coherent detection is adopted under the assumption that the orthogonal PPM is employed, and perfect synchronisation can be achieved at the receiver.
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Fig. 1 UWB-IR system with two-branch transmit diversity and one receiver
Based on the measurements, a UWB indoor channel model with multipath fading was developed by Intel Labs [6] , and the impulse response of the channel is expressed as
, where L is the number of resolvable multipath components, d(t) is the Dirac delta functional, a(l) is the fading coefficient, which is lognormaldistributed with random polarity, of the lth resolvable path, and t(l) represents the delay, which is integer multiples of the path resolution of 0.167 ns, of the lth path. Proposed scheme: The two orthonormal waveforms for the proposed SS coding scheme are denoted as p tx a (t) for a 2 {0, 1}. Without loss of generality, we can consider that the transmitted ith bit data is 0, then Table 1 depicts the SS coding scheme for the jth frame of a symbol over two transmit antennas. As shown in Table 1 , the SS coding scheme can be employed on a frame, and the coded waveforms that were transmitted from the zeroth and the first antennas can be expressed as where p tx 0 (t; i, j) and p tx 1 (t; i, j) are the two orthonormal pulses of the jth frame for ith bit. Note that the power of each pulse with non-overlapped PSD can be extended to P=2 while complying with the FCC spectral mask.
The two multipath channels from the zeroth and the first transmit antennas to the receive antenna are assumed to be mutually independent and denoted with h 0 (t) and h 1 (t), respectively. Then, the jth received frame, X(t; i, j)
where Ã stands for convolution, n(t) is an AWGN with two-sided PSD N 0 =2, and p rx 0 (t) and p rx 1 (t) are the received waveforms, which are changed by the differential characteristic of antennas [5] . Since the received waveforms consist of the two orthonormal waveforms, the matched filters, which use each received waveform and its time-shifted waveform p rx a (t À D) for a 2 {0, 1} and D 2 {0, E} as reference, are employed to detect the jth transmitted frame in a vector form. Thus, the output of the matched filters for the jth frame of ith symbol can be derived as follows where
where a 2 {0, 1}, are the normalised autocorrelation function of each pulse and the filtered noise, respectively.
The decoding scheme using the squared Euclidean norm (SEN) of the received vector is optimal for the non-coherent, orthogonal PPM UWB systems when the multipath-free channel is assumed [1] . Based on the optimal scheme, a simple decoding scheme using the SEN is adopted for the considered multipath channel model. In the absence of noise, the SEN of ith bit, kYk 2 ¼ Y T (t; i)Y(t; i), can be derived using (4) as follows
. Given the decision statistic of (5), the estimation of the ith transmitted symbol can be obtained by
]), where D 2 {0, E}.
Results:
The proposed scheme is compared with the single antenna system and the analogue ST coded system with two transmit antenna of [1] . As a reference, the two pairs of orthonormal waveforms with overlapped and non-overlapped PSDs, which were developed in [4] , are employed for the proposed scheme. The same parameters are chosen for a non-line-of-sight channel model (t m ¼ 17 ns, t rms ¼ 15 ns and NP 10dB ¼ 35), which are given by Table 11 of [6] . The channel coefficients are normalised to remove the path loss, and the BER is obtained by averaging conditional BERs over 10 000 channel realisations for each path. Fig. 2 Comparison of BER performance for conventional single antenna system, analogue ST coded system, and proposed SS coded system Fig. 2 shows the BER performances of the proposed systems with two transmit antennas and the SS coding schemes over E b =N 0 , which are compared to the system using a single antenna and the analogue ST coded system with two transmit antennas [1] . As shown in Fig. 2 , the proposed systems outperform the conventional system using a single antenna. Moreover, the proposed system using pulses with non-overlapped PSDs achieves about 3 dB more gain owing to the doubled total transmit power than the system using pulses with overlapped PSDs. Note that the BER performance of the proposed system using pulses with overlapped PSDs is almost the same as that of the analogue ST-coded system because both systems achieve the same diversity at the same transmit power while the peak-to-average power ratio of the proposed scheme is increased.
Conclusion:
We propose a novel SS coding scheme with two transmit antennas and two orthonormal waveforms for the UWB-IR systems. Without the invariant channel condition over frames, the spatial diversity can be achieved by the proposed schemes. Furthermore, simulation results demonstrated that the enhancement of BER performance can be achieved by the proposed scheme using pulses with non-overlapped PSDs. We assumed an independent fading in the simulation, however the advantage of diversity is reduced by the fading correlation between transmit antennas. 
